Introduction
============

Marine benthic ecosystems hold a significant portion of global biodiversity that is mostly concentrated in threatened coastal habitats such as intertidal reefs ([@ref-43]; [@ref-8]). There are high concerns of human impacts on marine biodiversity across a range of expected climate change scenarios ([@ref-35]; [@ref-105]; [@ref-45]; [@ref-67]). In the tropics, forecasts point towards extreme climate-driven environmental conditions and severe biodiversity losses in the near decades ([@ref-28]; [@ref-15]; [@ref-13]). Understanding how patterns of biodiversity respond to increasing temperatures and subsequent oceanic-climatic changes is an important step towards effective management and conservation of marine ecosystems ([@ref-97]; [@ref-77]).

In benthic marine communities, substrate and oceanographic parameters are critical predictors of the distribution and abundance of species, setting biodiversity patterns at multiple spatio-temporal scales and shaping observed biodiversity patterns ([@ref-73]; [@ref-118]; [@ref-22]; [@ref-20]; [@ref-40]). The strength of regulating factors at each location is linked to ecosystem dynamics ([@ref-79]), incorporating both local (e.g., substrate, productivity) and large-scale climatic and oceanographic conditions (e.g., [@ref-108]; [@ref-74]; [@ref-121]; [@ref-87]; [@ref-64]). On rocky shores, wave exposition and changes in sea temperature are major factors structuring and regulating benthic communities at multiple scales (e.g.,  [@ref-22]; [@ref-20]). In the intertidal zone, the reef physical structure and complex topography significantly influence the distribution, zonation and overall benthic biodiversity (e.g.,  [@ref-10]; [@ref-37]; [@ref-21]). Therefore, coupling benthic and pelagic approaches will likely improve the ecological modeling of benthic communities and increase the success of modeling spatio-temporal variations and losses in biodiversity under a changing climate ([@ref-40]).

Temperature is a major driver of intertidal benthic biodiversity (e.g.,  [@ref-111]; [@ref-47]; [@ref-76]; [@ref-44]; [@ref-70]; [@ref-56]). Air and sea temperatures regulate spatio-temporal patterns of the whole in the intertidal zone by creating a gradient of environmental conditions ([@ref-110]; [@ref-117]). Higher temperatures reduce intertidal biodiversity, particularly when temperatures overcome species' physiological limits (e.g.,  [@ref-54]; [@ref-118]; [@ref-115]; [@ref-107]). In coral reef communities, increased temperatures negatively affect intertidal biodiversity due to coral mortality ([@ref-9]; [@ref-102]). While in temperate and upwelling rocky shores, warmer temperatures may have positive influences on overall biodiversity ([@ref-116]; [@ref-93]; [@ref-58]). However, the relationship between temperature fluctuations and biodiversity patterns can be variable among marine ecosystems (e.g.,  [@ref-84]; [@ref-56]; [@ref-69]; [@ref-93]; [@ref-106]), and as a result, greatly change predictions of how climate change scenarios will impact global coastal biodiversity.

Rugosity is likewise a key-variable for intertidal biodiversity as it creates a range of micro-habitats that promotes species coexistence, so increased rugosity is expected to have a positive impact on the diversity of intertidal communities (e.g., [@ref-30]; [@ref-33]; [@ref-59]; [@ref-92]). Habitat complexity explains spatial changes in species distribution and assemblage composition along coastal regions ([@ref-41]; [@ref-31]; [@ref-121]; [@ref-21]) and can overcome other seascape variables in the regulation of biodiversity ([@ref-38]; [@ref-72]; [@ref-119]). However, reef rugosity is not often used as a metric for coastal monitoring and less is known about how benthic assemblages at variable levels of reef rugosity respond to seasonal meteo-oceanographic variations ([@ref-71]). Understanding variability within and between habitat types is crucial to improve ecological models and impact management applications ([@ref-48]; [@ref-66]; [@ref-57]).

Rocky shores are ubiquitous along the Brazilian Atlantic coast, but they vary widely in their substrate structure and are also exposed to a range of climatic conditions. In the Eastern Brazil Marine Ecoregion, decadal temperatures exhibit significant warming trends that are likely to impact coastal marine biodiversity ([@ref-16]). Rocky lateritic (or sandstone) rocks are ubiquitous in the Eastern Brazil Marine Ecoregion and further north, whereas granite rocky coasts predominate in the southern sub-tropical coast. Reefs of lateritic sandstones are highly topographically complex and understudied globally when compared to granite reefs ([@ref-9]; [@ref-29]). Lateritic reefs are potentially transitional habitats with typical rocky shore features but with highly eroded substrate (sandstone) interspaced by calcareous formations ([@ref-2]). Given a distinct substrate rugosity, lateritic reefs hold a singular and diverse benthic community dominated by macroalgal beds with several calcareous habit-forming species ([@ref-81]; [@ref-42]; [@ref-12]). Although community structure varies among reefs and throughout the year, the environmental mechanisms associated with such variability remain uncertain in this marine ecoregion of Brazil.

Unlike temperate and equatorial rocky shores, where increases in sea temperatures are causing biodiversity losses ([@ref-103]; [@ref-47]; [@ref-52]), lateritic reefs may experience an increase in overall biodiversity during warmer periods since these reefs host a number of both tropical and subtropical species. In subtidal tropical reefs, warmer temperatures have been suggested to lead to an overall increase in taxa richness when compared to equatorial or subtropical regions ([@ref-11]). If temporal trends of diversity with observed warming at the coastal intertidal reefs are confirmed, these ecosystems will likely experience significant changes in the dominance of benthic taxa with marked functional changes ([@ref-91]). For example, a decrease in macroalgae taxa and increase in anthozoans with warmer temperatures would not only change the current dominant habitat-forming species but also would impact food provisioning for a number of coastal benthic and pelagic organisms ([@ref-7]; [@ref-64]). These transitional intertidal communities may respond to temperature with varying levels of relisience depending on their structure and dynamics ([@ref-18]; [@ref-111]; [@ref-85]).

Accessing and predicting changes in biodiversity from local to global scales is a high research priority. Several ocean observatories are incorporating biodiversity among their monitored variables to meet multiple-stakeholder needs ([@ref-14]; [@ref-78]). Standard protocols and technology to improve and speed biodiversity data collection are highlighted as potential solutions to monitor biodiversity at large scales and with high temporal resolution ([@ref-23]). Associating abiotic surrogates and marine biodiversity change is an important tool to support forecasts in global change scenarios ([@ref-23]). Satellite remote sensing products are adequate for biodiversity synoptic approaches, providing a reliable framework for different coastal regions ([@ref-24]). Finding current drivers of biodiversity change across marine habitats is fundamental to give us a better understanding of the expected patterns of biodiversity in the present and future.

Considering the importance of understanding and forecasting shifts in the marine community, this study aims to: (I) provide the first 1-year baseline assessment of benthic assemblage composition and diversity of intertidal lateritic reefs on the Eastern Marine Ecoregion of Brazil; (ii) evaluate the role of substrate complexity and oceanic-climatic variables to benthic assemblage variability; (iii) integrate assemblage multivariate covariance factors to predict future biodiversity changes in these coastal reefs in warming scenarios for the Eastern Marine Ecoregion of Brazil. We tested the hypothesis that rugosity would have a positive influence on local benthic biodiversity, but that these effects would change temporally due to climate forcing. We expected that temperature would have a stronger effect on the variability of benthic taxa compared to the other oceanographic parameters, therefore we expected that projected warming would be a driver of assemblage composition in different climatic scenarios.

Materials & Methods
===================

Study area
----------

This study was carried out in a marine protected area in the Eastern Brazil Marine Ecoregion (Área de Proteção Costa das Algas; environmental permit by Instituto Chico Mendes \#57819-1; [Fig. 1](#fig-1){ref-type="fig"}). The coastal zone is characterized by dispersed intertidal lateritic reefs with abundant macroalgal and rhodolith beds. Coastal oceanographic conditions are typically influenced by E-NE winds from the South Atlantic high-pressure system, strong internal tidal currents, and E-SE wave swells ([@ref-86]; [@ref-88]). Meteorological cold fronts occur periodically and influence the vertical mixing of the water column and wave action on the coast ([@ref-88]). Episodic upwelling events occur mostly during spring and summer ([@ref-86]). This is a tropical region with an average air temperature of 25 °C that has experienced significant warming trends in the last four decades ([@ref-16]; [@ref-17]).

![Study area.\
Location of the study area (APA Costa das Algas) and the four study sites in the Eastern coast of Brazil. Monthly variations in sea surface chlorophyll-a concentrations \[mg m^−3^\] during the study (December 2017 to August 2018) at each site, Coqueiral (A), Gramuté (B), Enseada das Garças (C), and Costa Bela (D). Note: symbols and error bars represent local (site) averages per month and standard deviations, respectively.](peerj-08-8289-g001){#fig-1}

We monitored benthic assemblages of four intertidal reefs (study sites ) monthly from December 2017 to August 2018 ([Fig. 1](#fig-1){ref-type="fig"}; sampling dates in [Table S1](#supp-1){ref-type="supplementary-material"}). These sites are similar in their presence of lateritic substrate, geographical orientation (i.e., to the East), moderate exposure to wave action, and are under similar anthropogenic pressure (i.e., located near small human settlements with no direct sewage disposal to the reef area).

Benthic biodiversity and substrate structure
--------------------------------------------

Reef benthic biodiversity (incrusting and slow mobile taxa) was estimated monthly at each site along four replicated 20-m length photo-transects using a GoPro^®^ camera. Images were obtained by photographing from above the area delimited by a 0.5 m ×  0.5 m quadrat, taking 10 photos at every 2 m along the transect. Transects were positioned parallel to the reef fringe approximately 5 m apart. Images were processed in Coral Point Count with Excel Extensions Software (CPCe) where benthic organisms (primary cover) were visually identified under 20 random points within a 100 point grid ([@ref-25]; [@ref-61]). Quality control of the photo-processing included multiple reviewers (3) analyzing photograph subsets and in situ validation.

The substrate rugosity of the intertidal reefs was measured once at each reef by determining the linear roughness (R) through 3D modeling ([@ref-120]). Carrying out rugosity measurements monthly was not logistically feasible and we assumed that reef rugosity (i.e., the substrate physical structure) was relatively stable in the temporal scale of this study. A representative intertidal area of 2 m^2^ positioned in the area of the photo-transects in each site was photographed digitally by a series of photos which were overlaid to build a 3D model. The camera was pointed directly to the substrate with constant height and orientation ([@ref-120]). The 3D models of the reefs were built in Agisoft PhotoScan Standart Edition software through the following steps: (1) photo alignment, (2) cloud construction of points, (3) mesh, and (4) texture constructions. The site substrate roughness (R) was calculated through the virtual chain method by averaging the linear contours (linear roughness, *n* = 6) along with each 3D model using the Rhinoceros software.

Meteo-oceanographic monitoring
------------------------------

Meteorological and oceanographic conditions (air and sea surface temperatures *AirT/SST*, precipitable atmosphere water *Precipitation*, significant wave height *SWH*, sea surface chlorophyll-a *Chla*, ocean salinity *Salinity*) in the study region were monitored synoptically through satellite remote sensing at the local and regional scales (4 to 30 km) ([Table 1](#table-1){ref-type="table"}). The meteo-oceanographic data (AirT, SST, Precipitation, SWH, Salinity) were averaged for the study region (Área de Proteção Ambiental Costa das Algas, Long. 40.259 to 39.8 W, Lat. 20.3° to 19.8° S). Chla was obtained for each site (Coqueiral, Long. 40.10 W, Lat. 19.93 S; Gramuté, Long. 40.14 W, Lat. 20.02 S; E. das Garças, Long. 40.14 W, Lat. 20.06 S, Costa Bela, Long. 40.14 W, Lat. 20.10 S). The data available for the study area was then averaged monthly and included all available data for 29--30 days prior to each sampling.
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###### Meteo-oceanographic variables monitored during the study.
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                                            **Abbreviation**   **Source**                                                                              **Spatio-temporal resolution**
  ----------------------------------------- ------------------ --------------------------------------------------------------------------------------- --------------------------------------------
  Air temperature                           AirT               NCEP NCAR Reanalysis ([@ref-53])                                                        grid of 2,5° latitude × longitude
  Sea surface temperature                   SST                NOAA High-resolution Blended Analysis of Daily SST ([@ref-94])                          a grid of 0.25° latitude × 0.25° longitude
  Precipitable atmosphere water             Precipitation      NCEP NCAR Reanalysis ([@ref-53])                                                        grid of 2,5° latitude × longitude
  Ocean salinity                            Salinity           microwave imaging radiometer on SMOS mission's satellites (CATDS database, [@ref-50])   grid of 0.25° latitude × 0.25° longitude
  Significant wave height                   SWH                Wave Watch III                                                                          a grid of 1° latitude × 1° longitude
  Sea surface chlorophyll-a concentration   Chla               ocean color radiometers on Modis-Acqua satellite (GIOVANNI database, [@ref-1])          4 km^2^ grid

**Notes.**

Abreviations, sources, and spatio-temporal resolutions are listed.

Data analysis
-------------

Temporal (monthly) differences in meteo-oceanographic conditions (AirT, SST, Precipitation, Salinity, SWH) were evaluated through a one-way balanced analysis of variance (ANOVA) ([@ref-114]). For Chla, temporal (monthly) and spatial (sites) differences were tested using a two-way balanced ANOVA. A total of eight months were included in the ANOVAs, January/2017 samplings were not performed at all sites and were excluded from these analyses ([Table S1](#supp-1){ref-type="supplementary-material"}). The number of replicates within a month varied according to the temporal resolution for each variable (*n* = 29 to 30 for AirT, SST, and Precipitation; *n* = 672 for SWH; *n* = 4 for Chla; *n* = 3 for Salinity). Co-variation between SST and AirT and Salinity and Precipitation were evaluated through correlation analysis ([@ref-104]). The temporal autocorrelation in meteo-oceanographic conditions was assessed by comparing each variable versus time with correlation analyses. Variables were considered autocorrelated when they were significantly correlated with time (correlation coefficient ≠ 0 with *p* ≤ 0.05). Only Precipitation was temporally autocorrelated; this was corrected in analyses by using the differences between the averages for consecutive time periods following [@ref-87] ([Table S2](#supp-2){ref-type="supplementary-material"}). Differences in reef rugosity between sites were also evaluated through a one-way balanced ANOVA, with site as a fixed factor and the linear roughness as replicates (*n* = 6). Data were transformed (*Logx* + 1) when needed to fit the assumptions of ANOVA (normality and homogeneity of variances), verified by Shapiro--Wilk's and Cochran tests. ANOVA results were complemented by post-hoc pairwise Tukey HSD tests ([@ref-113]).

Benthic assemblages were analyzed through taxa percentage cover (%) and multivariate analysis to test for spatial and temporal differences in assemblage composition and two univariate response variables: diversity (Shannon--Weiner index) and richness (the number of taxa). Biodiversity variables were calculated monthly over 10 0.5 m^2^ quadrats per transect for each site, resulting in a total of 4 replicates per site per month. Differences in biodiversity were assessed through permutational multivariate analysis of variance (PERMANOVA) on 9,999 permutations of residuals under a reduced model ([@ref-4]; [@ref-82]). The PERMANOVAs compared the variability in biodiversity among sites (factor 1, fixed, with 4 levels) and monthly (factor 2, fixed, with 8 levels), with 4 replicates each. The assemblage taxa % cover was square-root transformed prior to analysis to reduce the influence of abundant and rare organisms ([@ref-39]). PERMANOVAs were carried out using Euclidian distance for univariate analysis (diversity and richness) and the Bray-Curtis dissimilarity for assemblage composition, and significant results were complemented by post-hoc pairwise comparisons ([@ref-5]).

Canonical analysis of principal coordinates (CAP) ([@ref-6]) complemented by multidimensional scaling ([@ref-3]; [@ref-64]; [@ref-82]) was performed to evaluate the association between biological and physical spatio-temporal patterns. The CAP was used to identify the environmental variable or group of variables that best explained the variation of benthic assemblage cover, and to determine the species that contributed most to the difference among samples ([@ref-64]). Additionally, a canonical discriminant function analysis (DFA) was used to test spatial (i.e., between-site) differences that could be distinguished by the numerical relationship between biological and physical variables. The DFA function was built using variables with significant contributions to variability according to the CAP analysis. Substrate rugosity could not be included in the function since it is a constant value for each site. DFA results were interpreted based on the linear discriminant coefficients, which described the relationship between environmental conditions and benthic assemblage in the study region. Jackknife re-samplings were included in the analyses to test the accuracy of the classifications by DFA ([@ref-112]).

Climate warming projections and their effect on benthic biodiversity were modeled with temperature scenarios (−1 °C, +1 °C, +3°C) based on current SST trends ([@ref-78]) and 20-year forecast sea surface anomaly range for the study region ([@ref-26]). We used a linear relationship between SST and benthic assemblage diversity indices and composition (Shannon--weiner H', species richness, and % Cover) as we had less than a year of monitoring. Climate projections were designed following: (1) description of the relationship between monthly biodiversity and SST variations through regression using current data to parameterize the models (input: monthly averages); (2) calculation of the expected monthly biodiversity based on the SST scenarios (−1 °C, +1 °C, +3 °C added to the current monthly SST average) and the regression algorithms. Projected changes (average monthly changes, %) were visually compared to the baseline information obtained in this study.

All statistical tests considered *α* = 0.05 significance level. Graphical and analytical processing was performed in ODV ([@ref-100]), Panoply 4.8.1 ([@ref-101]), Numbers (Apple Inc.) and R project ([@ref-92]) with packages: 'stats', 'GAD' ([@ref-96]), 'vegan' ([@ref-82]), 'rich' ([@ref-95]), 'outliers' ([@ref-55]), and MASS ([@ref-94]).

Results
=======

Meteo-oceanographic conditions
------------------------------

Monthly meteo-oceanographic conditions changed markedly throughout the study ([Figs. 1](#fig-1){ref-type="fig"} and [2](#fig-2){ref-type="fig"}), with significant differences for air and sea temperatures, swell heights, and chlorophyll-a concentrations (ANOVA AirT *F* = 48.78, SST *F* = 120.91, SWH *F* = 268.6, Chla *F* = 3.84; *p* \< 0.05, [Table 2](#table-2){ref-type="table"}). Air and sea temperatures ranged between 22 and 28 °C and were correlated to each other (*r*^2^ = 0.92, *p* = 0.0003; [Table S3](#supp-3){ref-type="supplementary-material"}), with maximum temperatures in the fall (Apr) and minima during winter (Aug) ([Fig. 2](#fig-2){ref-type="fig"}, [Table S4](#supp-4){ref-type="supplementary-material"}). Precipitation and salinity averages varied from 44 to 36 and 30 to 37 ppm respectively, and were not correlated (*df* = 7, *t* = 0.64, *r*^2^ = 0.23, *p* = 0.5407). Significant wave heights varied from 1 to 1.5 m, with higher heights at the beginning of summer (Dec) and during winter (May-Jun-Jul-Aug), and lower wave heights during fall (Mar) ([Fig. 2](#fig-2){ref-type="fig"}, [Table S4](#supp-4){ref-type="supplementary-material"}). Average chlorophyll-a concentration varied from 1 to 4.5 mg m^−3^, being lower at the end of summer (Feb) to fall (Mar-Apr-May), higher in winter (Jun-Jul-Aug), and negatively related to sea temperatures ([Fig. 2](#fig-2){ref-type="fig"}, [Tables S3](#supp-3){ref-type="supplementary-material"} and [S4](#supp-4){ref-type="supplementary-material"}). Chlorophyll-a concentrations were higher at the northern sites (Coqueiral and Gramuté; [Fig. 1](#fig-1){ref-type="fig"}), with an average difference of 0.7 mg m^−3^ (*F* = 8.11, *p* = 0.0118; [Table 1](#table-1){ref-type="table"}; [Table S5](#supp-5){ref-type="supplementary-material"}).

![Meteo-oceanographic conditions.\
Meteo-oceanographic conditions monitored during the study. Air and sea surface temperatures (Temp., AirT, SST; A, B), chlorophyll-a concentrations (Chla; C), precipitable water (Precip. D), salinity (E), and significant wave height (SWH) (F). Note: symbols and error bars represent regional (4--30 km) averages per month and standard deviations, respectively.](peerj-08-8289-g002){#fig-2}
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###### Results of ANOVAs and PERMANOVAs comparing the variability in meteo-oceanographic conditions substrate rugosity, and benthic assemblage between months and/or among sites.

Meteo-oceanographic conditions: air and sea surface temperatures AirT and SST, Precipitation, Salinity, significant wave height SWH, chlorophyll-a concentrations Chla. Benthic assemblage measures: species cover (%), diversity (Shannon--Wienner), and richness (number of taxa per quadrat per month).
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  ANOVA                                                                 PERMANOVA                             
  ------------------------------------ ------ ------- -------------- -- ------------------------ ---- ------- ----------
  **Meteo-oceanographic conditions**                                    **Benthic Assemblage**                
  AirT                                                                  \% Cover                              
  Month                                8      48.78   **\<0.0001**      Site                     3    87.58   **0.01**
  Residual                             252                              Month                    7    20.78   **0.01**
  SST                                                                   M\*S                     21   8.51    **0.01**
  Month                                8      0.26    0.9760            Residual                 96           
  Residual                             252                                                                    
  Precipitation                                                         Diversity                             
  Month                                8      25.04   **\<0.0001**      Site                     3    8.67    **0.01**
  Residual                             252                              Month                    7    7.88    **0.01**
  Salinity                                                              M\*S                     21   5.14    **0.01**
  Month                                8      1.10    0.4072            Residual                 96           
  Residual                             18                                                                     
  SWH                                                                   Richness                              
  Month                                8      268.6   **\<0.0001**      Site                     3    11.95   **0.01**
  Residual                             6048                             Month                    7    26.82   **0.01**
  Chla                                                                  M\*S                     21   8.46    **0.01**
  Site                                 3      3.84    **0.0118**        Residual                 96           
  Month                                8      8.11    **\<0.0001**                                            
  M\*S                                 24     1.86    **0.0165**                                              
  Residual                             108                                                                    
  Rugosity                                                                                                    
  Site                                 3      14.34   **\<0.0001**                                            
  Residual                             20                                                                     

**Notes.**

F for the statistics, df for degrees of freedom. Significant results (*p* \< 0.05) are in bold. Data was log-transformed Log*x* + 1 prior to the analyses.

Substrate rugosity and reef benthic cover
-----------------------------------------

The 3D imaging of the intertidal reefs indicated differences in substrate rugosity among the studied reefs (*F* = 14.34, *p* \< 0.001; [Table 2](#table-2){ref-type="table"}; [Fig. 3](#fig-3){ref-type="fig"}). The northern reefs in Coqueiral and Gramuté had higher rugosity when compared to Costa Bela and Enseada das Garças to the South (*p* \< 0.001; [Table S5](#supp-5){ref-type="supplementary-material"}).

![3D imaging of the intertidal reefs and benthic assemblages.\
3D imaging of the intertidal reefs and taxonomic composition of the benthic assemblages at Coqueiral (A--B), Gramuté (C--D), Enseada das Garças (E--F), and Costa Bela (G--H). Note: surface contours are represented in a natural color and species diversity is highlighted with color gradients. ND stands for no data available.](peerj-08-8289-g003){#fig-3}

Benthic assemblages at the lateritic reefs were dominated by macroalgae (58 taxa), with 26 Rhodophyta species, 15 Chlorophyta, and 17 Phaeophyta ([Table S6](#supp-6){ref-type="supplementary-material"}). Other taxa occurring on the reefs included cnidarians, bivalves, barnacles, hermit crabs, sea stars and urchins, gastropods, and sponges ([Table S6](#supp-6){ref-type="supplementary-material"}). The intertidal reefs were mostly covered with macroalgae (25 to 70%) and cnidarians (Anthozoa: 12 to 26%) ([Fig. 4](#fig-4){ref-type="fig"}). Some species were sampled throughout the study at all sites, including encrusting calcareous algae, *Ulva* sp., *Sargassum* sp., and zoanthids ([Fig. 4](#fig-4){ref-type="fig"}). Monthly trends in benthic assemblage composition were highly variable at each site with no clear seasonal pattern but we observed an overall higher taxa richness and diversity during fall ([Figs. 3](#fig-3){ref-type="fig"} and [4](#fig-4){ref-type="fig"}).

![Spatio-temporal variations in the reef benthic biodiversity.\
Monthly diversity (A, C, E, G) (H', Shannon-Wiener Index S--W), richness (A, C, E, G) (number of species/taxon per quadrat per month), and assemblage composition (B, D, F, H) (variation in % cover) at the study sites. Note: averages and standard deviations are represented by columns and error bars respectively; color bars represent relative cover per taxa plus sediment and rock. ND stands for no data available.](peerj-08-8289-g004){#fig-4}

Benthic assemblages varied spatially in percent cover and species dominance ([Figs. 3](#fig-3){ref-type="fig"} and [4](#fig-4){ref-type="fig"}) (site *F* = 87.6 and *p* = 0.01, [Table 2](#table-2){ref-type="table"}). Between-site variability included differences in the live coverage (versus bare rock or sand; [Fig. 4](#fig-4){ref-type="fig"}) as well as changes in the taxonomic dominance ([Fig. 3](#fig-3){ref-type="fig"}). For instance, we observed a higher Rhodophyta species richness at Gramuté and Coqueiral, while Chlorophyta and Phaeophyta were more diverse at Gramuté and E. das Garças ([Fig. 3](#fig-3){ref-type="fig"}). Within-taxon variability was lower in Anthozoa, which was mainly represented by *Zoanthus sociatus* and *Palythoa tuberculosa*. An exception was at Coqueiral reefs where corals were nearly absent ([Fig. 3](#fig-3){ref-type="fig"}). Overall, taxa diversity was higher at Coqueiral (*H*′ = 0.94) and Gramuté (*H*′ = 0.88; *p* \< 0.01; [Table S7](#supp-7){ref-type="supplementary-material"} and [Fig. 4](#fig-4){ref-type="fig"}).

Benthic assemblage taxa composition also changed at temporal (monthly) scales (*F* = 20.78, *p* = 0.01; [Table 2](#table-2){ref-type="table"}) with significant variability in the fall (Apr--May) due to increased macroalgal coverage (*p* = 0.028, [Table S8](#supp-8){ref-type="supplementary-material"}). Taxon diversity and richness were also higher during fall (*p* \< 0.05, [Tables S8](#supp-8){ref-type="supplementary-material"} and [S9](#supp-9){ref-type="supplementary-material"}; [Fig. 4](#fig-4){ref-type="fig"}), but monthly variations in species cover were similar across sites (*p* \> 0.05, [Table S9](#supp-9){ref-type="supplementary-material"}).

Multivariate analysis
---------------------

Sea surface temperatures and substrate rugosity were significantly associated with benthic assemblage composition (*p* \< 0.05, [Table 3](#table-3){ref-type="table"}, [Fig. 5](#fig-5){ref-type="fig"}). The CAP ordination showed that benthic cover at Coqueiral and Gramuté were similar with higher contributions of turf, *Sargassum* sp., *P. gymnosperma*, *D. marginata*, and sediment/rock. The other two sites had higher contributions of anthozoans, which were positively related to sea surface temperature and rugosity ([Fig. 5](#fig-5){ref-type="fig"}). Between-site differences could be distinguished by the set of variables pointed as significant by CAP, including sea surface temperature, benthic assemblage cover (*Z. sociatus*, *P. tuberculosa*, *Sargassum* sp., *D. marginata*, *J. rubens*, *P. gymnosperma, Anthozoa, turf*), and sediment/rock cover ([Table 4](#table-4){ref-type="table"}). The precision of classification ranged from 56% to 88%, being higher at Coqueiral and Gramuté. According to the discriminant coefficients, most variables were positively related to sea surface temperatures, with the exception of *P. tuberculosa* and *D. marginata* covers ([Table 4](#table-4){ref-type="table"}).
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###### Results of canonical analyses of principal coordinates to evaluate the contribution of meteo-oceanographic conditions and benthic rugosity to month variations in the benthic assemblage composition.

Meteo-oceanographic conditions: air and sea surface temperatures AirT and SST, Precipitation, salinity, significant wave height SWH, chlorophyll-a concentrations Chla. Benthic assemblage composition measure % cover per taxa. Spearman correlation values for each environmental variable are described for in CAP axis 1--2.
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                  *F* = 1.72, *p* = 0.002                  
  --------------- ------------------------- ------- ------ -----------
  AirT            −0.42                     0.25    1.75   0.087
  SST             −0.58                     0.37    1.99   **0.052**
  Precipitation   0.02                      0.04    1.03   0.393
  Salinity        0.40                      −0.23   1.71   0.106
  SWH             0.29                      −0.20   1.29   0.212
  Chla            0.04                      −0.28   1.47   0.154
  Rugosity        0.39                      0.84    2.8    **0.008**

**Notes.**

Proportion of variability explained by CAP axes are between parentesis (), F for statistic, significant results (*p* \< 0.05) are in bold.

![Canonical analyses of principal coordinates.\
Canonical analyses of principal coordinates (CAP) indicating differences in the benthic assemblage composition (% cover per taxa) at the study sites (Coqueiral, Gramuté, E. das Garças, and Costa Bela) and the contribution of meteo-oceanographic conditions (air and sea surface temperatures AirT/SST, chlorophyll-a concentration Chla, precipitable water Precip, salinity, and significant wave height SWH) and substrate rugosity. Vectors are based on Spearman correlation values \> 0.5 (*p* \< 0.5) for environmental variables and scores for taxa. The proportion of data explained by axis 1 and 2 are in parenthesis.](peerj-08-8289-g005){#fig-5}

The projected climatic scenarios changed the reef assemblage composition at multiple spatial scales ([Fig. 6](#fig-6){ref-type="fig"}; [Table S10](#supp-10){ref-type="supplementary-material"}). Changes were expected on the taxa composition (% cover from 1 to 100%); also taxa diversity and richness (0.2 to 30%). Sites with lower substrate rugosity showed similar trends of assemblage change (positive or negative) for all taxa as well as for diversity and richness. Overall, reduced regional diversity (minus 13% with +1 °C) and Anthozoa cover (minus 43% with +3 °C) were expected with increased temperature. At the local scale, forecasted higher temperatures reduced Anthozoa cover across multiple sites (minus 14% to 116%). Positive effects on macroalgae and other invertebrate abundance are expected with increased temperatures, both regionally and at the sites. Macroalgae cover is expected to increase from 11 (+1 and +3 °C) to 32% (+3 °C) regionally and up to 90% at the reefs with lower substrate rugosity (E. das Garças and Costa Bela). Other invertebrate abundances are projected to increase from 25 to 100% with warming. Reef assemblages (macroalgae and other invertebrates) are expected to be negatively affected by reduced temperatures, reducing species richness and diversity as well. In an exception, lower temperatures are expected to increase Anthozoan cover 14% regionally and up to 100% at Coqueiral, the site with highest surface rugosity.

Discussion
==========

Ecosystem-based indicators are the foundations for modeling and forecasting ocean dynamics ([@ref-75]). These approaches require biological data with a reasonable taxonomic resolution and algorithms that can accurately indicate biodiversity changes in response to environmental conditions. Our study reports a new baseline benthic biodiversity assessment of tropical intertidal lateritic reefs on the Eastern Brazil Marine Ecoregion that is under a decadal warming trend ([@ref-16]). The hypothesis that the composition and diversity of intertidal benthic assemblages would be associated with substrate rugosity and seasonal effects was validated, supporting the long-term monitoring of essential ocean variables on the South Atlantic ([@ref-78]; [@ref-75]).

Coastal intertidal reef benthic diversity was temporally correlated with sea surface temperatures. Variations of sea temperature are being increasingly recognized to change temporal patterns of coastal biodiversity at both seasonal and interannual time scales ([@ref-90]; [@ref-91]). Our findings support that tropical marine intertidal reef ecosystems may be extremely vulnerable to warming given the influence on benthic assemblage composition, especially on habitat-forming species such as anthozoans and macroalgae. Anthozoans should be the most negatively affected by higher temperatures, the major cause of bleaching, pathogen spread, and coral reef declines ([@ref-19]; [@ref-109]). On the other hand, years with negative temperature anomaly, observed within the warming trend, could benefit macroalgae and other invertebrates, such as sea urchins and decapods. Future benthic assemblage composition and states will depend on community feedbacks ([@ref-108]; [@ref-34]; [@ref-32]; [@ref-60]; [@ref-7]). Although temporal variability in benthic assemblage composition may be a matter of seasonality and turnover ([@ref-46]; [@ref-36]; [@ref-83]), warming temperatures could negatively affect macroalgae beds and lead to decreased reef productivity and community shifts in the long term ([@ref-108]; [@ref-106]). Temperature effects were also observed to decrease larval diversity on the Eastern Brazil Marine Ecoregion ([@ref-64]) and suggest that reduced overall benthic diversity on intertidal reefs may be associated to lower physiological fitness of both adult and larval life stages.

10.7717/peerj.8289/table-4

###### Results of canonical discriminant function analysis to assess the between-site differences according to meteo-oceanographic conditions and benthic assemblage composition.

Meteo-oceanographic conditions: sea surface temperatures SST. Benthic assemblage composition measure: % cover per taxa. Linear discriminant coefficients LD1 and results of Jackknife re-samplings to test the accuracy of the classification for each site.
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                     LD1     Site            Accuracy
  ------------------ ------- --------------- ----------
  SST                0.32    Coqueiral       88%
  *Z. sociatus*      0.17    Gramuté         78%
  *P. tuberculosa*   −0.02   E. das Garças   67%
  Juvenile coral     0.01    Costa Bela      56%
  Turf               0.06                    
  *Sargassum* sp.    0.08                    
  Sediment-Rock      0.04                    
  *D. marginata*     −0.31                   
  Unk. coral         0.09                    
  *J. rubens*        0.34                    
  *P. gymnosperma*   0.06                    

![Climate projected changes in benthic reef biodiversity.\
Projected regional and site (Costa Bela A, Enseada das Garças B, Gramuté C, Coqueiral D) changes (%) in the benthic biodiversity (H' Diversity, Shannon-Wiener Index S-W, R' Richness number of species/taxon per quadrat per month, assemblage composition, variation in % Cover) with warming scenarios (sea surface temperature SST +1° C, +3° C, −1° C. Note: sites are organized in relation to higher (+) and lower (−) substrate rugosity.](peerj-08-8289-g006){#fig-6}

Spatial patterns of benthic assemblages were driven by differences in the coverage of macroalgae and anthozoans on intertidal reefs. The outcomes of macroalgae-anthozoa shifts to biodiversity and productivity vary across ecosystems ([@ref-80]; [@ref-27]). Substrate rugosity is a major driver of benthic biodiversity on rocky shores ([@ref-41]; [@ref-31]; [@ref-21]) and coral reefs ([@ref-121]). We confirmed previous interactions of substrate rugosity and benthic species richness, diversity, and composition for intertidal lateritic reefs and their strong seasonal association with sea temperatures. Besides, regional differences in diversity were positively related to substrate rugosity and corroborate assertations of higher habitat availability at more complex reefs. These patterns indicate that not only should substrate rugosity to be considered and reported when analyzing coastal reef benthic assemblages, but also that sampling that occurred across sites of variable rugosity could result in misleading biogeographic patterns.

The use of indicator taxa to distinguish benthic biodiversity allowed differentiation of spatial and temporal scales along these intertidal reefs. According to our findings, merging a specific set of in situ data (benthic cover of dominant taxa; i.e., *Zoanthus sociatus*, *Paythoa tuberculosa*, *Padina gymnosperma*, and others) and satellite remote sensing products (sea surface temperature) would allow meaningful long-term assessments of benthic biodiversity in tropical reefs at large scales, improving our capacity to manage these coastal ecosystems. Expanding the monitoring zone and frequency is a current challenge in this coast with the least amount of long-term ecological research sites. This framework simplifies reef monitoring protocols for the intertidal zone and may likely help management actions, for instance with early detection of biodiversity change. Our benthic assemblage database allows species tracking, and forecasting simulations for tropical lateritic reef communities.

Generating high-resolution and long-term biodiversity information across marine ecosystems is urgent when dealing with environmental and climate emergencies ([@ref-23]). This study not only provides a baseline open-access ecological database for the intertidal reefs in the Eastern Brazil Marine Ecoregion but also is the first attempt to project benthic biodiversity outcomes of warming for this region. The climate projections highlight a potential overall decrease in regional diversity of benthic assemblages with warming, corroborating global assessments of marine biodiversity loss ([@ref-98]) and the vulnerability of tropical reefs to climate change ([@ref-49]). If future community shifts in benthic diversity of lateritic reefs are confirmed, we should expect alterations in ecosystem trophic structure and negative impacts on ecosystem services at large scales.

Conclusions
===========

Our results revealed a distinct benthic assemblage on intertidal lateritic reefs on the Eastern Brazil Marine Ecoregion, showing that substrate rugosity and seasonal changes in temperature are key to taxa richness, diversity and species composition. Spatial patterns of assemblage structure were either dominated by macroalgae on more complex reefs, or Anthozoa, in reefs with lower rugosity. The intimate association of temperature and taxa compostion suggest that predicted warming in the Eastern Brazil Marine Ecoregion will have a major role in the loss of species in intertidal reefs on the tropics, with yet unknown consequences to ecosystem process. Our work further illustrates the utility of monitoring tools based on in situ data and satellite remote sensing products, and support long-term global efforts to improve ecosystem management.
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###### List of the geographical coordinates of the study sites and sampling dates

###### 

Click here for additional data file.
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###### Results of correlation analyses to test temporal autocorrelation in meteo-oceanographic conditions

Meteo-oceanographic conditions: air and sea surface temperatures AirT and SST, Precipitation, Salinity, significant wave height SWH, chlorophyll-a concentrations Chla. Variables were considered autocorrelated when the correlation coefficient (Pearson's r) was not equal to 0 with *p* ≤ 0.05. Data was log-transformed log(*x* + 1) prior to analyses. Significant results are in bold.

###### 

Click here for additional data file.

10.7717/peerj.8289/supp-3

###### Results of the correlation analysis assessing the co-variability in meteo-oceanographic conditions

Meteo-oceanographic conditions: air and sea surface temperatures AirT and SST, Precipitation, Salinity, significant wave height SWH, chlorophyll-a concentrations Chla. Significant results ( *p* \< 0.05) are in bold. Data was log-transformed Log x+1 prior to the analyses. Note: t for statistic, df degrees of freedom = 7, r Pearson correlation coefficient.

###### 

Click here for additional data file.
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###### Results of TUKEY HSD post hoc pairwise tests to compare monthly differences in air and sea surface temperatures, significant wave height, and chlorophyll-a concentrations

Note: air and sea surface temperatures (AirT and SST), significant wave height (SWH), and chlorophyll-a concentrations (Chla). Significant results (*p* \< 0.05) are in bold.

###### 

Click here for additional data file.
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###### Results of TUKEY HSD post hoc pairwise tests to compare among-site differences in chlorophyll-a concentrations (Chla) and rugosity

Significant results (*p* \< 0.05) are in bold.

###### 

Click here for additional data file.

10.7717/peerj.8289/supp-6

###### List of high taxonomic composition HTC registered at the lateritic reefs during the study

###### 

Click here for additional data file.
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###### Results of PERMANOVA post hoc pairwise comparisons to test among-site differences in species cover (%), diversity (Shannon-Wienner), and richness (number of taxa)

Significant results (*p* adjusted \< 0.05) are in bold.

###### 

Click here for additional data file.
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###### Results of PERMANOVA post hoc pairwise comparisons to test monthly differences in species cover (%), diversity (Shannon-Wienner), and richness (number of taxa per quadrat per month)

Significant results (*p* adjusted \< 0.05) are in bold.

###### 

Click here for additional data file.
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###### Results of PERMANOVA post hoc pairwise comparisons to test monthly differences in species cover (C, %), diversity D (D, Shannon-Wienner), and richness (R, number of taxa) per quadrat per month within each site

Significant results (*p* adjusted \< 0.05) are in bold.

###### 

Click here for additional data file.
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###### Linear relationship between variations in SST and benthic biodiversity (diversity H', richness R, % cover per taxa) according to the regression analysis

###### 

Click here for additional data file.
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###### Intertidal Benthic Reef Biodiversity Dataset 2017--2018 - Costa das Algas

Processed dataset, complementary to MBON IPT and OBIS publications.

###### 

Click here for additional data file.

We thank all the co-workers from Grupo de Ecologia Bêntica for the assistance during field samplings and discussions. We would like to thank Lorena Monteiro for assisting in photo-processing. We are also grateful to the Federal University of Espírito Santo and Instituto Chico Mendes for their support. This article is the \#008 contribution of The PELD (Long-term Program of Ecological Research) Coastal Habitats of Espírito Santo as part of the Brazilian LTER program.

Additional Information and Declarations
=======================================

The authors declare there are no competing interests.

[Ana Carolina de A. Mazzuco](#author-1){ref-type="contrib"} conceived and designed the experiments, performed the experiments, analyzed the data, prepared figures and/or tables, authored or reviewed drafts of the paper, and approved the final draft.

[Patricia Sarcinelli Stelzer](#author-2){ref-type="contrib"} conceived and designed the experiments, performed the experiments, analyzed the data, authored or reviewed drafts of the paper, and approved the final draft.

[Angelo F. Bernardino](#author-3){ref-type="contrib"} conceived and designed the experiments, analyzed the data, authored or reviewed drafts of the paper, and approved the final draft.

The following information was supplied relating to field study approvals (i.e., approving body and any reference numbers):

Environmental permit \#57819-1 was approved by Instituto Chico Mendes ICMBio.

The following information was supplied regarding data availability:

The dataset in an online ITP with automatic output to OBIS, which will enable other scientist to conduct further studies. The data is also formatted in MBON Pole to Pole standards, where we are developing a user-friendly dashboard for decision-making and environmental management.

Link to the repository:

<http://ipt.iobis.org/mbon/>.

OBIS report on the dataset:

<http://ipt.iobis.org/mbon/resource?r=brazil_reef_biodiversity_ilter_coastal_habitats_es_gramute>.

<http://ipt.iobis.org/mbon/resource?r=brazil_reef_biodiversity_ilter_coastal_habitats_es>.

<http://ipt.iobis.org/mbon/resource?r=brazil_reef_biodiversity_ilter_coastal_habitats_es_costabela>.

<http://ipt.iobis.org/mbon/resource?r=brazil_reef_biodiversity_ilter_coastal_habitats_es_enseada>.

This data is also available as [Supplementary Files](#supplemental-information){ref-type="supplementary-material"}.
